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Abstract Recent climate change in the Arctic is driving permafrost thaw, which has important implications
for regional hydrology and global carbon dynamics. Permafrost is an important control on groundwater
dynamics and the amount and chemical composition of dissolved organic matter (DOM) transported by
high-latitude rivers. The consequences of permafrost thaw for riverine DOM dynamics will likely vary across
space and time, due in part to spatial variation in ecosystem properties in Arctic watersheds. Here we examined
watershed controls on DOM composition in 69 streams and rivers draining heterogeneous landscapes across a
broad region of Arctic Alaska. We characterized DOM using bulk dissolved organic carbon (DOC) concentration,
optical properties, and chemical fractionation and classified watersheds based on permafrost characteristics
(mapping of parent material and ground ice content, modeling of thermal state) and ecotypes. Parent material
and ground ice content significantly affected the amount and composition of DOM. DOC concentrations were
higher in watersheds underlain by fine-grained loess compared to watersheds underlain by coarse-grained
sand or shallow bedrock. DOC concentration was also higher in rivers draining ice-rich landscapes compared to
rivers draining ice-poor landscapes. Similarly, specific ultraviolet absorbance (SUVA;s4, an index of DOM
aromaticity) values were highest in watersheds underlain by fine-grained deposits or ice-rich permafrost. We
also observed differences in hydrophobic organic acids, hydrophilic compounds, and DOM fluorescence
across watersheds. Both DOC concentration and SUVA,s4 were negatively correlated with watershed active
layer thickness, as determined by high-resolution permafrost modeling. Together, these findings highlight
how spatial variations in permafrost physical and thermal properties can influence riverine DOM.

1. Introduction

Soils of the northern permafrost region store large amounts of organic carbon (C) that will be subject to mobi-
lization and transport upon warming and thawing of permafrost [Hugelius et al., 2014; Schuur et al., 2015]. A
significant fraction of the permafrost C pool may be released as either carbon dioxide or methane to the
atmosphere [Olefeldt et al., 2013; Schddel et al., 2016], which may function to accelerate rates of warming
(i.e., permafrost carbon feedback) [e.g., Koven et al., 2011]. The flux of organic C in rivers draining watersheds
in the northern permafrost region is also a critical component of the Arctic C budget [McGuire et al., 2009,
2010] and anticipated to change under projected warming scenarios [Frey and Smith, 2005; Kicklighter
et al.,, 2013]. While considerable advancements have been made in recent years to better constrain the timing
and magnitude of the permafrost carbon feedback [Koven et al., 2015; Schuur et al., 2015], uncertainties
remain regarding the lateral transport and fate of dissolved organic carbon (DOC) released from permafrost
soils [Kicklighter et al., 2013]. These uncertainties are due in part to complex interactions among physical
(hydrology and soil thermal dynamics), chemical (DOC biolability and photolability), and biological drivers
(microbial constraints on DOC production and mineralization) [Cory et al., 2014; Spencer et al., 2015; Vonk
et al., 2015; Walvoord et al., 2012].

Permafrost thaw and subsequent changes to watershed hydrology and biogeochemistry vary across space
and time. The vulnerability of permafrost to thawing is controlled not only by climate but also by ecosystem
properties (soil properties and drainage), which can determine the thermal and hydraulic properties of soils
[Shur and Jorgenson, 2007; Jorgenson et al., 2010]. Recent work by Jorgenson et al. [2013] illustrated that
spatial variation in parent material (coarse-grained versus fine-grained deposits) and ground ice content
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(ice-rich versus ice-poor permafrost) are strong determinants of postthaw soil drainage and soil C storage.
These factors may also influence the amount and composition of DOC in rivers. Many field studies of DOC
export have focused efforts in ice-rich and C-rich landscapes, such as Pleistocene yedoma deposits [e.g.,
Vonk et al., 2013] or permafrost peatlands [e.g., Olefeldt and Roulet, 2012], given the potential for large C cycle
feedbacks from these landscapes to the climate system [e.g., Koven et al., 2011]. However, ice-poor permafrost
(e.g., bedrock and ice-poor glacial deposits) with lower C storage is common across the Arctic [Ping et al., 2008;
Hugelius et al., 2014]. Postthaw hydrology and subsequent transfer of C from soil to rivers are likely to vary
across watersheds underlain by different soil types and prethaw ground ice contents [O'Donnell et al.,
2012, 2014] and should also be considered to better constrain DOC fluxes and fate from the northern
permafrost region.

Chemical characterization of the riverine dissolved organic matter (DOM) in high-latitude watersheds is use-
ful for understanding organic matter source, biolability and photolability, and ultimate fate under warming
and thawing of permafrost [Cory et al., 2014; Spencer et al., 2015; Vonk et al., 2015]. In the present study, we
characterized dissolved organic matter (DOM) in 70 rivers draining heterogeneous landscapes across a broad
region in northern Alaska, and we characterized study watersheds using three different approaches. First, we
classified watersheds into six broad parent material classes (bedrock-loess, bedrock-glacial, glaciolacustrine,
loess, sand, and volcanic deposits) and ground ice categories (high-, moderate-, and low-ice contents) using
ecological mapping and remotely sensed imagery. Second, we quantified watershed areas comprising
organic-dominated landscapes, carbonate barrens, and noncarbonate mineral lithology using ecotype and
geological mapping. Third, we estimated permafrost thermal state (i.e., active layer thickness (ALT) and mean
annual soil temperature (MAST)) for each watershed using output from a permafrost thermal model [Panda
et al., 2015]. To evaluate the effects of these landscape characteristics on DOM composition, we measured
bulk DOC concentration, major DOM chemical fractions, and DOM optical properties (UV-visible absorbance
and fluorescence) on all river samples.

2. Methods
2.1. Study Region

We sampled 69 streams and rivers within or adjacent to National Park Service (NPS) units of the Arctic
Inventory and Monitoring Network in northern Alaska between 2013 and 2015 (Figure 1 and Tables 1 and
S1 in supporting information). The Arctic Network consists of five park units, including Bering Land Bridge
National Preserve, Cape Krusenstern National Monument, Gates of the Arctic National Park and Preserve,
Kobuk Valley National Park, and Noatak National Preserve, and covers more than 8 x 10° ha. The study area
includes most of the central and western Brooks Range, with elevations ranging from sea level up to
2500 m. Vegetation is dominated by arctic tundra, boreal spruce (Picea mariana and Picea glauca), and birch
(Betula papyrifera) [Jorgenson et al., 2009]. Tall and low shrubs are common along river floodplains, hillslope
drainage ways, and near treeline [Swanson, 2015] and have generally expanded in abundance throughout
the region in recent decades [Tape et al., 2006].

Climate in the study region is variable, with mean annual air temperatures ranging from —5°C in lowlands and
to the south, and —10°Cin highlands and to the north [PRISM Climate Group, 2009]. Mean annual precipitation
ranges from 30 to 40 cm in western and southern lowlands and 40 to 75 cm in highlands. Since 1950, mean
annual air temperature has increased by 1.5 to 1.7°C, with most of the warming concentrated in the winter
months [Stafford et al,, 2000]. Nearly the entire study region is located in the continuous permafrost zone,
where >90% of the land area is underlain by permafrost. Permafrost-associated land features are common
throughout the region, including polygonal ground and thermokarst lakes [Hopkins, 1949; Jones et al.,
2011], pingos [Wetterich et al., 2012], solifluction lobes [Hamilton, 2010], active layer detachment slides,
and retrogressive thaw slumps [Swanson, 2014; Balser et al., 2014].

2.2. Watershed and Landscape Analyses

2.2.1. Parent Material and Ground Ice Classification

For each stream, we delineated watershed areas upstream of the sampling location using the Watershed
Boundary Dataset within the U.S. Geological Survey's National Hydrography Dataset (NHD; http://nhd.usgs.
gov). For a subset of watersheds, we delineated and digitized watersheds by eye using a 63 K topographic
map in ArcMap 10.3 geographic information systems software (http://www.esri.com). Dominant parent
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Figure 1. Map of river study sites in five NPS units in Arctic Alaska. Sites varied by parent material and ground ice content.
The background imagery is from the National Land Cover Database (http://www.mrlc.gov/).

material types were described for each watershed based on surface geology maps [Hamilton, 2010] and/or
ecological subsection maps. Ecological subsection maps were previously developed for all five NPS units of
the Arctic Network (Figure 1) [Boggs and Michaelson, 2001; Jorgenson, 2001; Jorgenson et al., 2002;
Swanson, 2001a, 2001b] and were designed to reflect ecologically significant regions based on land cover
(i.e., vegetation), permafrost and periglacial landforms, and bedrock and surface geology. Using these maps
and the citations therein, watersheds were then classified into one of six dominant parent material classes: (1)
bedrock-loess, (2) bedrock-glacial, (3) glaciolacustrine, (4) loess, (5) sand, and (6) volcanic deposits (Figure 2).

Ground ice content is spatially heterogeneous across the study region, and its volume is closely linked to soil-
forming factors, quaternary history, and modes of permafrost aggradation [Kanevskiy et al., 2011]. We used
ecological subsection maps [Boggs and Michaelson, 2001; Jorgenson, 2001; Jorgenson et al., 2002; Swanson,
2001a, 2001b] and satellite imagery (IKONOS; http://www.geoeye.com) to classify watersheds into three
primary ground ice categories. High-ice watersheds were typically located in flat, low-lying regions with thick
fine-grained sedimentary deposits (e.g., Pleistocene loess deposits or yedoma) [Strauss et al., 2013], where
ground ice volumes typically exceed 20% [Olefeldt et al., 2016]. Ice-rich terrain was also observed in
watersheds underlain primarily by thick peat deposits and sand (Ahnewetut Creek) and volcanic ash deposits
(Killuk River). High-ice watersheds typically contain a vast spatial extent of surface features, such as polygonal
ground [Swanson, 2016] and thermokarst lakes, which indicate the presence of either massive ice (e.g., wedge
ice) or extensive segregated-ice volumes (Figures 2g and 2h). Moderate-ice watersheds typically have ground
ice volumes ranging from 10 to 20% [Olefeldt et al., 2016] and were observed at sites underlain by compara-
tively thinner glaciolacustrine deposits. Retrogressive thaw slumps were commonly observed in this region
(Figure 2i) [Swanson, 2014]. Low-ice sites have less than 10% ground ice by volume and were common in
bedrock-dominated watersheds (bedrock-glacial and bedrock-loess), where little to no thermokarst features
were present at the ground surface.
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Table 1. Study Sites and Watershed Classifications

Watershed Name/Parent Watershed Parent Ground Carbonate Noncarbonate Organic
Material Class Area (ha) Latitude (°N)  Longitude (°W) Material Class Ice Class Area (%) Mineral Area (%)  Area (%)
Bering Land Bridge National Preserve
Espenberg River 205 66.558 —164.016 Loess High 0.0 28.7 58.8
Fairhaven Ditch 53 65.721 —163.081 Volcanic Low 0.0 46.5 52.8
Goodhope River 87 65.798 —163.620 Bedrock-loess Moderate 0.0 53.7 46.0
Killuk River 280 66.562 —164.412 Volcanic High 0.0 341 533
Kugruk River 123 65.567 —162.928 Volcanic Low 0.0 62.2 344
Kuzitrin River 862 65.425 —164.135 Loess High 1.2 58.7 37.6
Noxopaga River 954 65.521 —164.161 Volcanic Moderate 19.7 349 43.7
Nugnugaluktuk River 585 66.198 —164.249 Loess High 21.2 0.0 69.2
Pish River 365 66.125 —164.009 Loess High 6.0 31.1 60.0
Serpentine River 742 66.086 —165.217 Loess High 7.5 36.4 53.9
Cape Krusenstern National Monument
Agagrak River 38 67.526 —163.971 Bedrock-glacial Low 5.5 62.5 320
Jade Creek 103 67.425 —163.784 Loess High 74 57.6 345
Kilikmak Creek 184 67.350 —163.739 Bedrock-glacial Low 10.6 423 46.3
New Heart Creek 50 67.606 —164.106 Bedrock-glacial Moderate 7.0 322 484
Omikviorok River 368 67.680 —164.103 Bedrock-glacial Moderate 6.2 443 48.7
Rabbit Creek 369 67.470 —163.771 Bedrock-loess Low 4.1 68.5 27.2
Situkuyok River 183 67.116 —163.309 Bedrock-glacial Low 345 387 26.5
Umagatsiak Creek 22 67.541 —163.991 Bedrock-glacial Low 14.0 39.6 46.4
Gates of the Arctic National Park and Preserve
Alatna River 7948 66.614 —152.621 Bedrock-glacial Low 15.2 726 8.0
April Creek 567 67.979 —154.489 Bedrock-glacial Low 0.2 81.3 83
Easter Creek 1056 68.123 —154.129 Bedrock-glacial Low 2.0 746 18.0
Glacier River 875 67.348 —150.679 Bedrock-glacial Low 409 47.1 9.3
Hammond River 583 67.553 —150.051 Bedrock-glacial Low 331 574 6.1
Itkillik River 312 68.150 —150.241 Bedrock-glacial Low 7.4 77.7 0.8
John River 5341 67.153 —151.834 Bedrock-glacial Low 21.6 63.8 11.0
Killik River 2799 68.156 —154.159 Bedrock-glacial Low 0.8 79.2 13.0
Kobuk River Headwaters 257 67.240 —154.064 Bedrock-glacial Low 18.6 68.7 45
Middle Fork Koyukuk River 3288 67.076 —150.550 Bedrock-glacial Low 20.8 65.4 9.8
North Fork Koyukuk River 3894 67.310 —150.708 Bedrock-glacial Low 22.1 62.7 10.0
Tinayguk River 968 67.581 —151.064 Bedrock-glacial Low 179 63.7 124
Kobuk Valley National Park
Ahnewetut Creek 110 67.168 —158.783 Sand High 0.0 426 55.0
Akillik River 1619 67.201 —158.572 Bedrock-loess High 6.4 743 19.0
Elaroniluk Creek 61 67.043 —159.834 Bedrock-glacial Low 6.6 68.2 24.8
Kaliguricheark River 428 67.193 —159.274 Sand Low 0.5 80.5 19.0
Kallarichuk River 475 67.106 —159.741 Bedrock-loess Low 0.0 85.0 15.0
Kavet Creek 20 67.128 —159.034 Sand Low 0.0 84.9 15.1
Nigeruk Creek 79 67.183 —159.302 Loess High 0.0 58.1 415
Salmon River 1743 67.154 —159.460 Bedrock-loess Low 6.7 76.1 17.1
Tutuksuk River 923 67.190 —159.345 Bedrock-loess Low 8.1 77.6 143
Noatak National Preserve
Agashashok Mainstem 1 753 67.474 —162.225 Bedrock-glacial Low 382 25.0 36.7
Agashashok Mainstem 2 1025 67.268 —162.636 Bedrock-glacial Low 3238 294 37.8
Agashashok Mainstem Trib 1 3 67.490 —162.177 Bedrock-glacial Low 383 46.1 15.5
Agashashok Mainstem Trib 3 38 67.483 —162.215 Bedrock-glacial Low 22.0 32.0 46.0
Agashashok Mainstem Trib 4 9 67.475 —162.234 Bedrock-glacial Low 245 64.5 11.0
Agashashok Northfork 1 130 67.608 —161.747 Bedrock-loess Low 442 248 309
Agashashok Northfork 2 394 67.490 —162.109 Bedrock-glacial Low 23.1 429 34.0
Agashashok Northfork Trib 1 38 67.606 —161.749 Bedrock-loess Low 241 28.1 47.8
Agashashok Northfork Trib 2 14 67.569 —161.886 Bedrock-glacial Low 0.7 61.7 375
Agashashok Northfork Trib 3 10 67.545 —161.963 Bedrock-glacial Low 10.1 56.2 33.7
Agashashok Northfork Trib 4 95 67.522 —162.060 Bedrock-glacial Low 357 353 289
Agashashok Southfork 1 61 67.545 —161.681 Bedrock-loess Low 96.5 0.0 35
Agashashok Southfork 2 302 67.481 —162.129 Bedrock-glacial Low 51.6 83 40.1
Agashashok Southfork Trib 1 12 67.545 —161.681 Bedrock-loess Low 924 0.0 7.6
Agashashok Southfork Trib 2 26 67.498 —161.871 Bedrock-glacial Low 61.5 0.0 385
Agashashok Southfork Trib 3 37 67.464 —161.977 Bedrock-glacial Low 814 0.0 18.6
O'DONNELL ET AL. DOM COMPOSITION IN ARCTIC RIVERS 1814
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Table 1. (continued)
Watershed Name/Parent Watershed Parent Ground Carbonate Noncarbonate Organic
Material Class Area (ha) Latitude (°N)  Longitude (°W) Material Class Ice Class Area (%) Mineral Area (%)  Area (%)
Agashashok Southfork Trib 4 34 67.472 —162.071 Bedrock-glacial Low 20.5 17.1 623
Aklumayuak Creek 697 67.905 —160.269 Bedrock-glacial Low 15.1 479 37.0
Anisak River 1928 68.054 —158.940 Glaciolacustrine  Moderate 42 59.6 355
Aniuk River 1882 68.007 —157.943 Glaciolacustrine  Moderate 0.6 473 514
Cutler River 2764 67.845 —158.316 Glaciolacustrine  Moderate 215 38.0 40.0
Eli River 761 67.733 —162.420 Glaciolacustrine  Moderate 0.0 61.8 38.1
Imelyak River 1175 67.751 —158.115 Glaciolacustrine  Moderate 34.1 313 343
Kaluktavik River 907 67.945 —160.957 Bedrock-glacial Low 1.4 624 36.0
Kugururok River 2348 67.996 —161.867 Bedrock-glacial ~ Moderate 17.6 534 28.8
Makpik River 747 68.060 —158.641 Glaciolacustrine  Moderate 0.5 39.1 56.9
Nakolik River 835 67.874 —160.752 Bedrock-glacial Low 43.8 220 342
Nanielik Creek 633 68.010 —158.771 Glaciolacustrine  Moderate 35.1 29.5 35.1
Nimiuktuk River 1507 68.150 —159.948 Bedrock-glacial Low 49 66.0 285
Sisiak Creek 235 67.911 —160.592 Bedrock-glacial Low 0.0 529 47.0
Uvgoon Creek 141 67.807 —162.347 Bedrock-glacial ~ Moderate 0.7 374 58.5

2.2.2. Watershed Ecotype and Lithology

We used a simple two-step mapping approach to categorize watershed areas into landscape units that were
hypothesized to control chemical composition of streams and rivers. First, we used an existing ecological land
cover map [Jorgenson et al., 2009] to categorize watershed areas into broad groups, defined as organic land-
scapes, mineral-dominated landscapes, water/snow, and no data/indeterminate (Tables 1 and S2). Organic
landscapes generally have organic-horizon thicknesses exceeding 15 cm, shallow active layers, and typically
occur in lowland setting with relatively poor drainage. Mineral landscapes generally have relatively thin
organic-soil horizons (<10cm) and thick active layers. Second, the mineral-dominated landscapes were

Figure 2. Photographs of six landscape units that vary by dominant parent material: (a) bedrock-loess, (b) bedrock-glacial
(coarse-grained), (c) glaciolacustrine (fine-grained), (d) loess (yedoma), (e) sand, and (f) volcanic deposits. Ground ice classes
were determined by the extent of features such as (g) thermokarst lakes, (h) polygonal ground, and (i) retrogressive thaw
slumps.
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further divided into carbonate versus noncarbonate mineral landscapes using a new geologic map of Alaska
[Wilson et al., 2015]. Carbonate landscapes generally occurred in alpine barren areas and include limestone,
dolomite, and metacarbonate lithologies.

2.2.3. Permafrost Modeling

To examine the relationship between soil thermal dynamics and riverine DOM, we used simulated output
from the Geophysical Institute Permafrost Laboratory (GIPL) model 1.0 [Panda et al.,, 2015]. GIPL 1.0 is a
quasi-transitional, spatially distributed, equilibrium model for calculating MAST at the top of the permafrost
table and ALT. The model accounts for the effects of snow, surface vegetation, soil moisture, and soil thermal
properties (e.g., thermal conductivity and heat capacity). Ecotype information (e.g., vegetation, physiography,
and soil descriptions) from Jorgenson et al. [2009] was used as model input data, and thermal parameters
were prescribed for each ecotype. The model was driven using downscaled air temperature and precipitation
input data from the Scenario Network for Alaska and Arctic Planning [SNAP, 2012]. For our analyses, we
extracted MAST at the permafrost table and ALT for each watershed using NHD polygons (as described
above) for the period 2000-2009.

2.3. DOC Concentrations and DOM Fractionation

All water samples were collected during the open-water period between June and September over 3 years
(2013-2015). Samples were collected 25 cm below the surface in a well-mixed location and filtered in situ using
a 0.45um high-capacity capsule filter connected to a Geopump Series Il Peristaltic Pump (Geotech
Environmental Equipment, Inc., Denver, CO). Most sites were sampled once, although a number of sites were
sampled two or three times during the summer-autumn flow period (June through September), and all samples
were treated independently in subsequent analyses. Samples were refrigerated for 7-10 days until analysis at
the U. S. Geological Survey organic carbon laboratory in Boulder, CO. DOC concentrations were determined
using an O.l. Analytical Model 700 TOC analyzer via the platinum catalyzed persulfate wet oxidation method
[Aiken, 1992]. A subset of samples was chromatographically separated into different fractions: hydrophobic
acids (HPOAs), hydrophilic organic matter (HPI), and transphilic acids (TPIA) using Amberlite XAD-8 and
XAD-4 resins [Aiken et al., 1992]. The resins preferentially adsorb different classes of organic acids based on
aqueous solubility and molecular weight of the solute, chemical composition of the resin, resin surface area,
and resin pore size. The amount of organic matter within each fraction, expressed as a percentage of the total
DOC concentration, was calculated using the DOC concentration and the sample mass of each fraction. On
average, we captured 94% of the total DOC pool through this procedure, and the standard deviation for
the mass percentages of the fractionation was +2%. Isolation of the HPOA fraction was carried out using
the lyophilization procedure described in Spencer et al. [2010].

2.4. DOM Optical Properties

UV-visible absorbance was measured on filtered river samples and XAD fractions at room temperature using
a quartz cell with a path length of 1cm on an Agilent Model 8453 photodiode array spectrophotometer.
Specific UV absorbance (SUVA;s4) was determined for all filtered samples and for major chemical fractions
(HPOA, TPIA, and HPI) by dividing the decadal UV-visible absorption coefficient per meter at 1 =254 nm by
DOC concentration. SUVA,s4, which is typically used as an index of DOC aromaticity, provides an “average”
absorptivity at A =254 nm for the DOC [Weishaar et al., 2003]. SUVAs, is reported in units of LmgC™' m™".
Weishaar et al. [2003] also showed that UV absorbance values could be biased high by the presence of iron
(Fe). To account for potential effects of Fe on UV absorbance, we measured total Fe concentrations on a
subset of samples and applied correction factors based on experimental work by Poulin et al. [2014]. In
general, we observed that the Fe-based correction of UV-Visible absorbance accounted for less than 5% of
total CDOM absorbance.

Spectral slope (S) was calculated by fitting an exponential equation to the absorption spectra between 275-295
and 350-400 nm using

ag(1) = ag(ref)e st er) Q)

where a4(/) is the Naperian absorption coefficient of CDOM at a specified wavelength, A is a reference
wavelength, and S is the slope fitting parameter [Helms et al., 2008; Spencer et al., 2008]. The spectral slope
of the 275-295 nm region (S;75_295) has been shown to be negatively correlated with the molecular weight
of DOM [Helms et al., 2008]. Prior studies have shown the spectral slope between 275 and 295 nm (S,75_595) to
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be sensitive to changes in DOM source (e.g., riverine versus estuarine versus open ocean and composition)
[Spencer et al., 2007].

Fluorescence excitation-emission matrices (EEMs) were measured on filtered river samples and HPOA
fractions at room temperature using a Jobin-Yvon Horiba Fluoromax-3 fluorometer. Samples were diluted
to minimize inner filter effects with deionized water, when necessary, to a UV absorbance at =254 nm of
0.2 absorbance units (1 cm cell). Using a 5 nm slit width, EEMs were collected over an excitation range of
240-450nm every 5nm and an emission range of 300-600 nm every 2nm. Scans were corrected for
instrument optics, inner filter corrected, Raman area normalized, Raman normalized blank subtracted, and
multiplied by the dilution factor if necessary [Murphy et al., 2010] and are reported in Raman Units (RUs).

We used a “peak-picking” approach to analyze fluorescence intensities across rivers draining watersheds
underlain by different parent material and ground ice contents. We focused on four fluorescence peaks com-
mon in aquatic DOM. The A peak, which originates below an excitation maximum of 260 nm and an emission
maxima of 448-480 nm, is common in wetland and forested ecosystems and has been described as humic
like [Coble et al., 1998; Fellman et al., 2010]. The C peak is also humic like and originates between excitation
maxima of 320-360 nm and an emission maxima of 420-460 nm. The B peak originates between excitation
maxima of 270-275 nm and emission maxima of 304-312 and is associated with simple phenols and fluor-
esces in the same region as the amino acid tyrosine [Hernes et al., 2009; Aiken, 2014; Wiinsch et al., 2015].
The T peak originates between excitation maxima of 270-280 nm and emission maxima of 330-368 and
has been associated with indole fluorophores, and because it fluoresces in the same region as tryptophan,
is commonly referred to as tryptophan like or protein like.

2.5. Data Analysis

All statistical analyses were conducted in R (https://www.r-project.org). We used one-way analysis of variance
(ANOVA) to evaluate the separate effects of parent material and the effects of ground ice class on DOM com-
position. We did not test for interactive effects using two-way ANOVA, because parent material and ground
ice often covaried (e.g., all loess sites had high ground ice content). Tukey's Honest Significant Difference
(HSD) post hoc test was conducted to compare differences across treatment means. Diagnostics revealed
that DOC concentration and S,75_595 did not meet the assumption of normality and were therefore log
transformed. Pearson correlations were used to evaluate relationships among landscape variables
(carbonate, noncarbonate, and organic areas), permafrost characteristics (ALT, MAST, and ground ice class),
and DOM parameters (DOC concentration, SUVA,s4, and S;75_595). We also conducted linear regression ana-
lysis to examine relationships between landscape variables, permafrost characteristics, and DOM parameters.

3. Results

3.1. Effects of Parent Material on Permafrost Characteristics

Permafrost characteristics (ALT, MAST, and ground ice class) varied across watersheds underlain by different
parent materials (Table 2). ALT was deepest in sand-dominated watersheds (mean =126 +29cm) and was
shallowest in loess-dominated watersheds (61 + 3 cm; Table 2). ALT averaged 69+ 1cm and 76 =3 cm in
bedrock-glacial and bedrock-loess watersheds, respectively. MASTs at the top of the permafrost table were
generally warmer in sand-dominated watersheds in the Kobuk River basin (mean =—2.3 + 1.0°C) and coldest
in glaciolacustrine-dominated watersheds (mean = —5.3 + 1.2°C) in the Noatak River basin. Parent material
and ground ice class were closely linked across watersheds. With very few exceptions, nearly all bedrock-
glacial (n=34 of 38) and bedrock-loess watersheds (n=8 of 10) were classified as having low-ice content
(Table 2). All glaciolacustrine watersheds (n=7) were classified as having moderate-ice content, and all
loess-dominated watersheds (n = 8) were classified as having high-ice content. However, we observed some
variability in ground ice content in watersheds underlain by sand and volcanic deposits, with both high-ice
and low-ice conditions observed within these classes. Volcanic deposits include both bedrock-like lava flows,
which are typically ice poor, and volcanic ash, which functions more like loess and can be ice rich.

3.2. Effects of Parent Material and Ground Ice on DOM

River and stream (referred to subsequently as river or riverine) DOC concentration varied across watersheds
underlain by different parent materials (one-way ANOVA, F=12.23, d.f.=5, P<0.001) and ground ice class
(F=13.35, df.=2, P<0.001; Figure 3). Rivers draining watersheds dominated by loess and volcanic deposits
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Table 2. Permafrost Characteristics Across Parent Material Classes®

Parent Material Mean Mean Annual Ground Ice Class Sample Size Carbonate Noncarbonate Organic
Class ALT (m) Soil Temp (High/Moderate/Low) Area (%) Area (%) Area (%)
Bedrock-glacial 69+£1 —37+1.1 0/4/60 25+3 44 +3 30+2
Bedrock-loess 76 +3 —39+0.5 1/1/15 44+£10 30+9 26+3
Glaciolacustrine 63+3 —53+1.2 0/7/0 14+6 44+5 42+3
Loess 61+3 —3.1+06 8/0/0 3+1 44+6 49+5
Sand 126 + 29 —23+1.0 1/0/2 0+0 69+ 13 3013
Volcanic 63+3 —3.0£0.1 1/1/2 5+5 44 +7 46t 4
deposit

@Values are means + one standard error.

generally had the highest DOC concentrations, averaging 10.1£2.7 and 7.4+ 2.1 mgCL™", respectively
(Figure 3a). Bedrock- and sand-dominated watersheds had the lowest river DOC concentrations, with mean
values ranging from 1.5 to 3.1 mg CL™". Watersheds underlain by high-ice contents had significantly higher
riverine DOC concentrations (mean=8.2+2.0mgCL™") than watersheds classified as moderate or low ice
(mean =2.6 + 0.3, collectively; Tukey's HSD: P < 0.001; Figure 3b).

SUVA,s,4 values in river water also varied across watersheds underlain by different parent materials (F=8.23,
df.=5,P<0.001) and groundiceclass (F=17.2,d.f.=2,P < 0.001; Figure 3). Watersheds underlain by loess and
volcanic deposits had the highest SUVAs4 values, averaging 3.4 +03and3.2+£03LmgC 'm~’, respectively,

whereas bedrock-dominated watersheds had the lowest SUVA,s, values (mean <2.2 L mg C'm™; Figure 3¢).

SUVA,s, values generally increased with watershed ground ice content, ranging from 2.2+ 0.1 LmgC™' m™
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Figure 3. Mean DOC concentration and SUVA;s4 values in rivers draining watersheds with different underlying (a, c) parent
materials and (b, d) ground ice categories. Error bars represent one standard error.
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watersheds classified as low ice up to 3.3+ 0.2LmgC~' m™" in watersheds classified as high ice (Figure 3d).
S275_295 did not vary significantly across watersheds underlain by different parent material (P > 0.05) or ground
ice content (P > 0.05).

DOM chemical fractions were also variable in rivers draining watersheds underlain by different parent
materials and ground ice contents (Figure 4). HPOA comprised the largest fraction of DOM across all rivers,
but varied with parent material type, ranging from 36 4% in sand-dominated watersheds to 52% in a
watershed underlain by volcanic deposits (Figure 4a). The HPI fraction was also variable across parent
material types, ranging from 16 + 1% in glaciolacustrine watersheds to 25+ 1% in watersheds underlain
by sand. The TPIA fraction was less variable, averaging 21+ 3% across all study sites. On average, the
HPOA fraction was highest in watersheds classified as high ice (504 2%) or moderate ice (48 +6%) and
lowest in watersheds classified as low ice (38 £ 4%; Figure 4b). By contrast, the HPI fraction was highest in
watersheds classified as low ice (23 4 1%) compared to the watersheds classified as moderate or high ice.

We also observed variability in fluorescence characteristics in rivers draining watersheds underlain by
different parent material types and ground ice amounts (Figures 5 and S1-S7). The A and C fluorescence
peaks were ubiquitous but varied in intensity across river samples (Figure 5). For instance, DOC-normalized
fluorescence intensities (in RU) for the A peak region were higher at the ice-rich, loess site Nigeruk Creek
(0.20 RU; Figure 5a) compared to bedrock-dominated Agashashok River (0.13 RU; Figure 5b). The B peak
was commonly observed in river samples underlain by bedrock, such as the Agashashok watershed
(Figure 5b). The protein-like T peak was also common in bedrock-dominated and glaciolacustrine watersheds
(Figures 5b and 5c) but was largely absent from loess-dominated watersheds.

3.3. Ecotype and Permafrost Controls on Riverine Carbon

River DOC concentrations were significantly, positively correlated to organic area in each watershed,
described by the linear regression equation y =0.01x — 0.12 (R*=0.41, P < 0.0001; Figure 6a). Despite varying
considerably across and within parent material classes, organic area was generally highest in watersheds
underlain by loess and volcanic deposits (Table 1). River DOC concentrations were also significantly nega-
tively correlated with mean ALT for each watershed, described by the equation y=—1.69x + 1.46 (R*=0.38,
P < 0.0001; Figure 6b). SUVA,5,4 was also positively correlated with organic area, described by the equation
y=0.02x+1.57 (R*=0.25, P < 0.0001). Similarly, SUVA,s, was also negatively correlated with mean ALT,
described by the equation y = —2.5x + 4 (R>=0.12, P=0.0004). S,75_»05 Was significantly negatively correlated
to carbonate area (r=—0.77, P=0.03; Table 3). We did not observe any significant correlations between DOM
parameters and MAST at the top of the permafrost.

4. Discussion
4.1. Permafrost Controls on Watershed Hydrology and DOM

Landscape characteristics are important controls on the concentration and flux of DOC in high-latitude water-
sheds [Agren et al,, 2007; Buffam et al., 2007; Harms et al., 2016]. The influence of permafrost extent on river
DOC concentrations has been documented in prior studies [Maclean et al., 1999; Carey, 2003; Frey and Smith,
2005]. DOM composition in rivers has also been linked to seasonal changes in thaw depth [Neff et al., 2006],
interannual increases in active layer thickness [O'Donnell et al., 2014], permafrost controls on groundwater
discharge [O'Donnell et al., 2012], watershed permafrost extent [Olefeldt et al, 2014], and thermokarst
[Abbott et al., 2014; Spencer et al., 2015]. Our analyses here expand upon this work by documenting the impor-
tance of spatial variations in permafrost soil characteristics, including parent material, ground ice, ecotype,
and soil thermal state, on the amount and composition of DOC in Arctic rivers.

In general, we observed high DOC concentrations in rivers draining watersheds underlain by fine-grained
deposits, with shallow active layers, and a large fraction of the watershed characterized as organic ecotypes.
Fine-grained deposits, such as loess silt and volcanic ash, typically have low hydraulic conductivity [Koch et al.,
2013], reducing soil-water infiltration and drainage. Poorly drained soils foster the development of thick
organic-soil horizons, which store large amounts of organic carbon [Trumbore and Harden, 19971. Further,
these thick organic-soil horizons insulate permafrost soils from warm summer air temperatures [Shur and
Jorgenson, 2007]. Spatial variations in organic-horizon thickness are closely and negatively linked to active
layer thickness [O'Donnell et al., 2009]. Together, these factors facilitate the lateral movement of water
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Figure 4. Mean percentages of major DOM fractions in rivers draining watersheds underlain by (a) different dominant
parent materials and (b) different ground ice contents. HPOA = hydrophobic organic acids, TPIA = transphilic organic acids,
and HPI = hydrophilic organic matter.

through C-rich horizons of the active layer and subsequent transport of DOC from soils to rivers. DOM
aromaticity, as determined by SUVA;s, measurements, was highest in watersheds underlain by loess or volca-
nic ash. DOM leached from organic-soil horizons of the active layer tends to be highly aromatic [Wickland et al.,
2007; O'Donnell et al., in review] and is a large source of DOM to rivers underlain by fine-grained deposits like
loess [O'Donnell et al., 2010; Mann et al., 2012].

Rivers draining watersheds underlain by coarse-grained deposits or shallow bedrock, with deeper active
layers, and with a larger fraction of mineral-dominated landscapes generally had lower DOC concentrations.
Coarse-grained deposits (e.g., sand and glacial till) and fractured bedrock can foster high soil-water infiltration
rates and enhanced soil drainage compared to fine-grained deposits. These well-drained and oxygenated
soils facilitate rapid turnover of C inputs, leading to minimal organic C accumulation in organic-soil horizons
[Pastick et al., 2014]. Deeper active layers in these watersheds are driven both by the thinner organic-soil
horizons and also higher thermal conductivity of coarse-grained deposits and bedrock when compared to
fine-grained deposits like silt. Together, these characteristics influence river DOC concentration by driving
deeper groundwater flows through C-poor deposits or bedrock. DOM was less aromatic in these rivers, which
is consistent with prior work documenting the relationship between SUVA,s4 and groundwater discharge to
sub-Arctic rivers [O'Donnell et al., 2012].
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Figure 5. Representative excitation-emission matrices (EEMs) from three
rivers draining watersheds with different parent materials and ground ice
contents: (a) Nigeruk Creek (ice-rich loess), (b) Agashashok River (ice-poor
bedrock), and (c) Makpik River (moderate ice and glaciolacustrine). The
uppercase letters represent different fluorescence peaks. A and C peaks are
humic-like fluorophores, B peak is a simple phenol associated with amino
acid tyrosine, and T peak is a tryptophan-like indole.

4.2. Implications of DOM
Composition for Reactivity

Hydrophobic organic acids were the
dominant fraction in rivers across all
parent material and ground ice
classes (Figure 4), which is common
in many high-latitude watersheds
[Michaelson et al., 1998; Striegl et al.,
2005; O'Donnell et al., 2010]. We did
observe spatial variation in the HPOA
fraction across watersheds underlain
by different parent materials, which
likely reflects the combined effects of
soil organic matter source, and micro-
bial and physical transformation of
the DOM pool. Aquatic fulvic acids
dominate the HPOA fraction and are
generated primarily from the micro-
bial degradation of plant and moss lit-
ter in soils [McKnight and Aiken, 1998].
HPOA comprised a larger fraction of
DOM in watersheds underlain by
fine-grained deposits, where poorly
drained soils with thick organic-soil
horizons contribute large amounts of
HPOA to rivers. HPOA comprised a
lower proportion of DOM in water-
sheds underlain by coarse-grained
deposits and bedrock, which was
likely driven by permafrost configura-
tion and subsequent effects on sub-
surface hydrology. Longer transit
times through deep subsurface flow
paths may allow for higher mineraliza-
tion of the HPOA fraction [O'Donnell
et al, 2012]. More specifically, the
HPOA fraction can be preferentially
stabilized through sorption to reac-
tive mineral surfaces, reducing its
concentration in aquatic ecosystems
[Kaiser et al, 1996]. In watersheds
where permafrost is thawing or has
thawed, the rerouting of subsurface
flows through unfrozen mineral soils
may stabilize HPOA [Kawahigashi
et al, 2006], reducing HPOA and
DOC concentrations in Arctic rivers
[Kawahigashi et al., 2004; Striegl
et al., 2005].

Hydrophilic compounds (HPI) generally followed the opposite pattern of HPOA across watersheds, comprising
a larger fraction in watersheds underlain by coarse-grained deposits and shallow bedrock. Spatial variation in
HPI is likely influenced by groundwater discharge. In the Yukon River basin, HPl comprised a larger fraction of
DOM with increasing groundwater discharge to rivers [0’ Donnell et al., 2012]. Prior studies have documented a
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Figure 6. Linear regressions relating DOC concentration and SUVA,s4 to organic area and mean active layer thickness.

strong relationship between HPI and DOC biolability in high-latitude ecosystems [Qualls and Haines, 1991;
Michaelson et al., 1998], as a portion of HPI is composed of low-molecular-weight hydrophilic compounds.
While some permafrost types (e.g., yedoma) deposits store large amounts of ancient low-molecular-weight
organic acids, such as acetate [Ewing et al., 2015], it is not likely that we are measuring ancient DOM in these
middle-order to high-order rivers [Aiken et al., 2014]. Upon thaw, ancient biolabile DOM is rapidly mineralized
in headwater streams [Drake et al., 2015; Spencer et al., 2015; Mann et al., 2015] and generally has not been
detected in higher-order watersheds downstream of thermokarst features [Aiken et al., 2014]. However,
DOM fluorescence data across rivers indicate higher protein-like fluorescence intensities in watersheds
underlain by coarse-grained deposits, which have been associated with higher rates of DOC mineralization
[e.g., Balcarczyk et al., 2009]. Protein-like fluorescence components are typically higher in streams where flow
is generated by deeper groundwater flow paths compared to streamflow generated by shallow subsurface
flows [O'Donnell et al., 2012, 2014].

Table 3. Pearson Correlation Matrix for Ecotype, Permafrost, and DOC Variables®

Noncarbonate Mean Ground
Carbonate Area Mineral Area Organic Area Mean ALT Temperature DOC SUVA554 S5275-295

Carbonate area - —0.85 —0.37 0.77 0.38 —0.59 —0.69 -0.77
Noncarbonate mineral area - -0.18 —0.42 —0.47 0.19 0.30 0.60
Organic area - —0.68 0.14 0.76 0.75 037
Mean ALT - 045 —0.66 —-0.75 —0.70
Mean ground temperature = 0.05 —0.07 —0.36
DOC concentration - 0.93 0.65
SUVA5s54 - 081
S$275-205 -

2All r correlation coefficients in bold and italics are statistically significant at P < 0.05.
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4.3. Landscape Vulnerability to Thaw and Impacts on DOC

Our findings relating landscape and permafrost characteristics (parent material, ground ice content, and soil
thermal dynamics) to riverine DOC reflect present-day permafrost state, which is largely stable in the region
[Panda et al., 2015]. Our observations provide insight to the degree to which permafrost exerts influence on
watershed hydrology, patterns of soil C accumulation, and DOM transport. However, permafrost warming
and thawing is projected for much of the study region by 2100 across a range of climate scenarios [Panda
et al, 2015], which will likely have profound consequences for Arctic ecosystems and biogeochemical
cycling. Spatial variation in ground ice content will likely mediate the magnitude of these impacts, with
the largest impacts projected in ice-rich landscapes [Olefeldt et al., 2016]. We did observe a significant effect
of ground ice on DOC concentration and DOM composition, which likely reflected the effects of ice on
hydraulic properties of soils and subsurface hydrology. The fate of DOC under projected permafrost thaw will
depend both upon historic patterns of C accumulation in permafrost soils and landscape changes associated
with thawing of ice-rich terrain.

Soil-forming factors (climate, topography, and parent material) and permafrost aggradation mode
(syngenetic versus epigenetic) are important determinants of C storage and ground ice volumes in soils
[Jenny, 1941; Jorgenson et al., 2013] and consequently will affect the magnitude of DOC released to rivers upon
thaw. For instance, during the late Pleistocene, high rates of loess deposition in unglaciated regions facilitated
widespread burial and stabilization of C and syngenetic aggradation of massive ice wedges and segregated ice
(i.e., yedoma) [Kanevskiy et al., 2011]. Permafrost in bedrock-dominated soils formed epigenetically (in the
absence of sedimentation), and thus, soils underlain by shallow bedrock store less C [Ping et al., 2008;
Hugelius et al., 2014] and are typically ice poor [Jorgenson et al., 2013]. Coarse-grained deposits like sand can
form permafrost through either epigenetic or syngenetic processes but generally store less C than loess
[Johnson et al., 2011].

Ground ice distributions determine the vulnerability of Arctic and sub-Arctic landscapes to thermokarst
[Jorgenson and Osterkamp, 2005; Jorgenson et al., 2010; Olefeldt et al., 2016]. In ice-rich terrain, thermokarst
results in the subsidence of the ground surface, which can dramatically alter hydrologic networks, erosion
and sedimentation, vegetation, and C export to rivers [Fourtier et al., 2007; Abbott et al., 2014]. In ice-poor
terrain, the effects of permafrost thaw will be minimal with respect to disturbance of the ground surface
and thermal erosion [Jorgenson and Osterkamp, 2005]. Still, we observed a significant relationship between
active layer thickness and both DOC concentration and DOM aromaticity, an observation that spans both
ice-rich terrain and ice-poor terrain. This finding suggests that permafrost thaw, through a gradual thickening
of the active layer, will still influence the amount and composition of DOM release to rivers in the future.
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